Abstract. We revisit the status of a Majorana fermion as a dark matter candidate when a sequential Z gauge boson dictates the dark matter phenomenology. Direct dark matter detection signatures rise from dark matter-nucleus scatterings at bubble chamber and liquid xenon detectors, and from the flux of neutrinos from the Sun measured by the IceCube experiment, which is governed by the spin-dependent dark matter-nucleus scattering. On the collider side, LHC searches for dilepton and mono-jet + missing energy signals play an important role. The relic density and perturbativity requirements are also addressed. By exploiting the dark matter complementarity we outline the region of parameter space where one can successfully have a Majorana dark matter particle in light of current and planned experimental sensitivities.
Introduction
The existence of Dark Matter (DM) is a fact that has been accumulating evidence since the early 70's (or even before if we consider the analysis done by Franz Zwicky in 1933 that led to him coining the term Dunkle Materie [1] ). However its true nature remains an open question in physics as of today. Among the particle candidates Weakly Interacting Massive Particles (WIMPs) stand out, for being able to reproduce the observed relic abundance in a rather natural way and predict signals at current or planned experiments [2] . Despite this theoretical motivation and intense experimental efforts, the existence of WIMPs has not yet been established (for a recent review see [3] ), for which distinct candidates and their possible signals in different detectors must be explored.
The experimental efforts can be roughly classified in three: indirect detection [4, 5] , direct detection [6] [7] [8] [9] [10] and collider searches [11] [12] [13] having each of these generally complementary characteristics. Although, depending on the details of the model, the different search strategies are not equally effective. Indeed, in the scenario investigated here, Majorana fermion dark matter, indirect searches performed by experiments like Fermi-LAT, MAGIC and H.E.S.S. cannot probe the parameter space corresponding to the viable DM relic density [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Even with the Cherenkov Telescope Array, indirect detection probes are bound to be sub-dominant [25] [26] [27] [28] [29] [30] .
1 This is because the s-wave (i.e. velocity independent) component of its annihilation cross-section into SM fermions is helicity suppressed. On the other hand, even if not capable of significantly influence the flux of gamma-rays/cosmic rays, DM annihilation processes occurring at present times can effectively influence the flux of neutrinos from the Sun, detectable by neutrino telescopes such as IceCube. This is due to the large exposure of these detectors to the Sun and, more importantly, because the neutrino flux is dictated by the unsuppressed WIMP-nucleon scattering cross-section. For these reasons neutrinos from the Sun offer a complementary probe with respect to Earth based experiments [33] [34] [35] [36] [37] [38] .
In particular, we will perform a detailed study of the phenomenology of a Majorana DM candidate interacting with a spin-1 mediator dubbed Z . For simplicity, and to minimize the number of free parameters, we will assume that the Z couples with the SM fermions in the exact same way as the SM Z-boson [39] . 2 This setup is also referred as Sequential Standard Model (SSM). Alternative assignations of these couplings can be motivated by identifying the Z with the gauge boson of an additional, with respect to the SM gauge group, U (1) symmetry [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] . Given our assumptions, the model has only three free parameters, being the DM and Z masses and the coupling of the DM with the Z .
The important observables in this minimized setup are the dark matter relic density, the spin-dependent WIMP-nucleon scattering cross section, and the Z production rate at the LHC. The dark matter relic density is computed in the usual thermal equilibrium framework leading to a freeze-out governed by the dark matter annihilation cross section into SM fermions. The direct dark matter detection signatures stem from spindependent dark matter-nucleus scatterings at Bubble Chamber and Liquid XENON detectors and from dark matter annihilations in the Sun. As for colliders, LHC searches for signal events in dilepton and mono-jet channel provide restrictive bounds on the model. Both probes are highly sensitive to the Z production cross section at the LHC.
That said, we exploit the complementarity between these observables to outline the viable region of parameter where one can successfully have a Majorana dark matter particle in the context of the sequential dark Z portal.
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Our work is organized as follows: in section 2 we describe the Majorana dark matter model we investigate; in section 3 we introduce the observables and experimental constraints; in section 4 we summarize and discuss our finding. Finally, in section 5 we draw our conclusions.
The Dark Sequential Z portal
Seen usually as natural consequences of a symmetry breaking chain in Grand Unified Theories (GUTs) [67] and many other extended gauge sectors [56, 57, 62, [69] [70] [71] [72] [73] [74] [75] , U (1) groups are ubiquitous in high energy physics model building for being the simplest continuous Abelian group available. The breaking down to the SM group typically leads to a massive gauge boson. If the SM Higgs doublet is not charged under the new U (1) group and the U (1) symmetry is spontaneously broken via a scalar singlet then there will be no mass mixing between the Z and Z gauge bosons. In this kind of framework the Z represents the only "portal" between the DM and the SM fermions. Spin-1 portals are also among the most adopted benchmarks for collider searches of Dark Matter. In this case, however, "simplified" models in which the Z interacts only with quarks are customarily considered, see however [76] . These kinds of setups are contrived from the theoretical point of view [77, 78] and do not account for the relevant impact of collider searches for dilepton resonances.
In order to have a simple and predictable setup, which can be at the same time easily extended towards more motivated frameworks, we will consider the case of a Majorana fermion coupled with a sequential Z boson, and then refer to it as "Sequential Dark Z Portal". The relevant part of the Lagrangian then looks like,
where the sum is over all the SM fermions and the factors g f v and g f a are given by,
with u, d, and ν the up-type, down-type quarks, charged leptons and neutrinos respectively, e = √ 4πα is the electromagnetic coupling and θ w the Weinberg angle.
The Lagrangian in eq. (2.1) generates two kind of operators relevant for direct detection of DM:f γ µ f χγ µ γ 5 χ andf γ µ γ 5 f χγ µ γ 5 χ. The former yields a spin independent (SI), whereas the latter a spin dependent (SD) interaction, respectively. Since the SI cross section is velocity suppressed (being the scattering cross section proportional to 4 We will consider the case in which the Z has direct coupling with the SM fermions. Even if this would not be the case if a coupling between the Z and the SM is originated by the Lorentz and gauge invariant kinetic mixing term δB µν B µν . We will not consider here this kind of scenario. As pointed in the last section it is nevertheless possible to straightforwardly generalize our results. v 2 ∼ 10 −6 ) we will concentrate on the constraints coming exclusively from SD searches.
Now that we have set up the framework to investigate, we will discuss the relevant observable and respective constraints applicable to the model. Some important features are worth noticing in the expressions above. Concerning the annihilation into fermions we see that the s-wave (velocity independent term) is proportional to
with m f being the final state fermion mass. Hence, unless annihilation into top quarks is kinematically accessible, the s-wave term of the DM annihilation cross-section is strongly suppressed so that the dominant contribution comes from the p-wave term that does exhibit the Z resonance. Because of this, there is a strong mismatch between the value of the annihilation cross-section at thermal freeze-out, relevant for the relic density, corresponding to v ∼ 0.3, and the one at present times, possibly relevant for an indirect detection signal, corresponding instead to v ∼ 10 −3 .
The reasoning above explains why indirect dark matter detections is bound to be sub-dominant in this scenario, because the s-wave annihilation cross section which is relevant for indirect dark matter searches is helicity suppressed, only becomes sizable when m χ > m top , i.e. when m χ 200 GeV, but indirect detection limits for m χ > 200 GeV are not strong. We remind the reader that would not occur in the case of a Dirac fermion since the s-wave component of the annihilation cross-section is not be helicity suppressed [39, 57, 69] .
When the dark matter mass becomes larger than the Z mass the annihilation to Z pairs opens up, and eq. (3.2) becomes relevant. Notice that eq. (3.2) features s-wave and p-wave contributions. The s-wave term scales with 1/m 2 χ , so one can naively expect that this contribution is small since we are dealing with a heavy DM particle, with m χ > m Z term. However, the p-wave term grows with m is related to the annihilation into longitudinal Z and is actually pathological, due to the non-UV complete framework we investigate. We will discuss this point in further detail in section 3.4.
Direct Detection
Direct detection signatures of the model rely on the SD dark matter-scattering off nucleons via the t-channel Z exchange as displayed in fig. 2 . It is dictated by the axial couplings g f a defined in eq. (2.2), and described by the following cross-section,
while, on the contrary, sizeable Spin Independent (SI) interactions are absent since Majorana fermions have null vectorial couplings. We now address the bounds considered in this work.
Spin-Dependent Scattering off Protons
The sensitivity of target material depends on the presence of an unpaired nucleon in its atom. The target material used by PICO experiment C 3 F 8 features an unpaired proton, while xenon, the target material of LUX, features an unpaired neutron. Consequently the two experiments test individually the spin-dependent scattering off protons (SD p ) and neutrons (SD n ) respectively.
In particular, the bubble chamber PICO-60 detector, which sets the strongest limits on SD p , had an exposure of 1167 kg·days of data taken between November 2016 and January 2017, excluding SD p of 3.4 × 10 −41 cm 2 for a 30 GeV DM mass [81] . One should notice that the limits presented by the PICO collaboration cover values of the DM mass only up to 1 TeV. Since we have considered, in our study, a broader mass range for the DM we have used an extrapolation. This operation is reliable since for heavy DM masses the scattering rate scales linearly with the number density of DM particles.
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Dark Matter scattering on nuclei is not only tested in underground facilities. Searches of neutrino fluxes coming from annihilations of DM particles captured in the Sun can represent an even more powerful probe (see e.g. [38] ). We remind indeed that the flux of neutrinos observed from Sun is connected to the DM capture and annihilation rate at the Sun. The capture rate is mostly governed by the DM scattering off hydrogen, helium and oxygen, while the destruction rate is instead governed by the annihilation cross-section in the v → 0 limit. In case that the equilibrium condition between the capture and destruction rate is met, it is possible to get rid of the dependence of the neutrino flux on the annihilation cross-section and cast limits only in terms of the SD cross-section. To this purpose is relevant to mention that the equilibrium condition can be satisfied for values of the annihilation cross-section much below the thermal value as long as the SD scattering cross section is sufficiently large. For this reason the model under study can be efficiently tested by neutrino telescopes while the typical values of the DM annihilation cross-section are not accessible to conventional indirect detection strategies. A residual dependence on the annihilation cross-section is nevertheless present since the neutrino flux actually depends on the type of annihilation final states since they induce distinct neutrino yields, and consequently different limits on the SD cross-section according to the dominant annihilation channel of the DM. This effect has been taken into account in our study. For concreteness the DM capture rate at the Sun can be written as [82] , [81] . For the this reason, IceCube searches for DM annihilations in the Sun are only truly relevant when it comes to SD p scattering. In the example above we used IceCube limits for DM annihilations into WW gauge bosons, but if we had adopted the bounds for annihilations into τ τ which yield a harder neutrino spectrum, then IceCube limits can indeed be better then the one stemming from PICO, excluding SD p = 2 × 10 −41 cm 2 . Therefore, keep in mind that the limits coming from IceCube detector appearing in figures are based on the SD dark matter scattering off protons.
We now discuss the bounds based on SD scatterings off neutrons.
Spin-Dependent Scattering off Neutrons
As aforementioned the presence of an unpaired neutron in xenon isotopes makes xenon based detectors such as PANDA-X, LUX and XENON1T experiments the most sensitive to such nuclear recoil interactions.
LUX collaboration has recently placed new limits on SD n using 129.5 kg-year exposure, excluding SD n = 1.6 × 10 −41 cm 2 for a 35 GeV DM mass [89] . An older limits has been casted by PANDA-X collaboration which is slightly weaker than LUX's [85] . This LUX limit is represented by a dashed green line.
As for the projected sensitivity on SD n we adopted as baseline the XENON100 results. Since XENON1T collaboration expects to achieve a two orders of magnitude improvement on the SI cross section with 2 year×ton exposure over the previous XENON100 result, we assumed the same rescalling for SD scattering cross section [90] . In other words, since XENON1T projected limit with full exposure is expected to improve its predecessor by a factor of 100 concerning spin-independent scattering, we use this same 100 factor to project its sensitivity to spin-dependent DM-neutron scattering. Now we have described the experimental searches for spin-dependent DM-nucleon scattering we shall remark some key theoretical ingredients having in mind eqs. (i) Notice that the scattering cross section off nucleons scales with Z mass to the forth power. Since we will fix the g χ coupling to different values, the direct detection limits based on this scattering cross section will simply be straight lines in the Log-Log scale plots as shown in figs. 4 to 6.
(ii) Since we have a sequential Z gauge boson, g ua = g da , there will be no theoretical bias toward scattering off proton or neutrons. (iv) The annihilation into SM fermions might favor a particular final state depending on the DM mass, due to kinematic effects. These threshold effects are rather visible near the top-quark and the Z mass. These channels have a significant impact on the annihilation cross section. These two effects explain the wavy behavior of the IceCube limits exhibited in figs. 4 to 6. Feynman diagrams relevant for collider probes. The first diagram represents mono-jet searches for dark matter, where the Z decays invisibly with a jet being radiated from the initial state. The second accounts or the resonance production of the Z gauge boson. The latter is not particularly sensitive to dark matter, but it strongly restricts the Z mass with great impact to this particular model. From left to right: in dashed blue the parameter space excluded by IceCube; the orange solid line represents the current bound from PICO; the dashed green line the current bound from LUX on SD scattering off neutrons with 129.5 kg-year exposure; the solid green line the projected bound from XENON1T on SD scattering off neutrons with 34 d×t of exposure; further right in light green, we show the projected sensitivity from XENON1T on SD scattering off neutrons with 2 y×t exposure; the upper region inside the dashed black line delimits the non-perturbative regime; the dashed red curve exhibits the parameter space excluded by LHC based on mono-jet data; solid (dotted) blue vertical lines delimit the current (projected) LHC exclusion regions derived from dilepton data.
Colliders
Since we are discussing a model in the context of vector mediators, it is well known that the most efficient way to probe this simplified dark matter model is through the mono-jet and dilepton data sets [39] , see fig. 3 . The latter proving the most restrictive limits.
The limits we included were derived from the LHC searches for the Sequential SM Z decaying into charged leptons [91] with an integrated luminosity of 36.1f b −1 and 13 TeV center-of-mass-energy. They rely on the fact that a heavy spin-1 additional boson Z would decay producing a narrow resonance in the dilepton channel that has a low and well-understood background. Subsequently an upper limit on the cross-section times the branching ratio can be extracted, and consequently a lower bound on the Z mass can be derived. Two limits are often quoted. One based on the dielectron data (4.3 TeV) and other in the dimuon data (4 TeV). The dielectron channel yields a Figure 6 . Exclusion limits for g χ = 4π. The solid back curve outlines the region of parameter space with the correct relic density. From left to right: in dashed blue the parameter space excluded by IceCube; the orange solid line represents the current bound from PICO; the dashed green line the current bound from LUX on SD scattering off neutrons with 129.5 kg-year exposure; the solid green line the projected bound from XENON1T on SD scattering off neutrons with 34 d×t of exposure; further right in light green, we show the projected sensitivity from XENON1T on SD scattering off neutrons with 2 y×t exposure; the upper region inside the dashed black line delimits the non-perturbative regime; the dashed red curve exhibits the parameter space excluded by LHC based on mono-jet data; solid (dotted) blue vertical lines delimit the current (projected) LHC exclusion regions derived from dilepton data.
slightly stronger limit than the dimuon one due to the larger acceptance/efficiency [91] . The sequential Z boson features a bit large decay width and therefore the bound on the Z mass is subject to sizable uncertainties. For instance, in the combined channel (dielectron + dimuon) the lower mass bound on the Z ranges from 4.3 TeV to 4.8 TeV (see Fig.4 of [91] ). Moreover, there are also mild systematic uncertainties associated to dilepton resonant searches [92] . In light of that, we decided to take a conservative approach and adopted the LHC limit obtained using the dimuon channel, which imposes M Z > 4 TeV. This limit is represented by a solid vertical line in figs. 4 to 6. Despite applying the limit on the Z mass based on dimuon data only, we refer to this collider bound as dilepton hereafter.
We also include the projected bound under the null result hypothesis for center-ofmass-energy of 14 TeV and integrated-luminosity of 1000 fb −1 6 as a dotted blue line in figs. 4 to 6 that would rule out the region M Z ≈ 6.7 TeV. As one clearly sees the exclusion limits in figs. 4 to 6, from searches of dilepton resonances, become weaker in the lower portion of the plots, i.e. when the DM is lighter than the Z . Indeed the analysis from the ATLAS experiment incorporate only decay channels into SM states for the Z . This does not occur in our case when 2m χ < M Z . The total decay width of the Z gets indeed modified as [93] ,
5) where g f v and g f a were given in eq. (2.2) and θ is the unit step function. Consequently, the branching ratio to dilepton becomes in this regime,
(3.6) where f is a SM fermion. Therefore, the exclusion limit on the Z mass which depends linearly on Br(Z SSM → ) will be weakened by [1 − Br(Z → χχ)]. Obviously, this effect takes place only when the decay of the Z into DM pairs is kinematically accessible, as aforementioned. As can be easily argued the effect of opening the invisible decay channel is more prominent at the highest values of the coupling g χ since they correspond to higher values of the invisible branching fraction of the Z .
The monojet bound features a complementary behavior with respect to the dilepton one. It is indeed based on searches of monojet events plus missing energy whose production rate is maximal when the Z decay on-shell mostly on DM pairs. For this reason the strongest bound is obtained for g χ = 4π and m χ < M Z /2. On the contrary, the size of the excluded region is increasingly reduced as g χ decreases and substantially no bound is present for m χ > M Z /2.
Perturbativity
As already discussed the annihilation cross-section associated to χχ → Z Z process show a rather peculiar behavior, scaling, for
Z v 2 and then indefinitely increasing with the value of the DM mass. As discussed in [77, 94] this is due to the longitudinal degrees of freedom of the Z which induce a contribution in the annihilation amplitude proportional to √ sm χ /M 2 Z (the annihilation into longitudinal degrees of freedom would actually induce a s/M 2 Z scaling. The dependence on s is weakened because of cancellation between t-and u-channel diagrams [77] ). The behavior of the annihilation cross-section is, at this point, easily understood once remembering that for the relic density only the non-relativistic limit, s ∼ 4m 2 χ , is relevant. The fact that the contribution associated to the annihilation into longitudinal Z pair appears in the p-wave term of velocity expansion can be inferred through CP and angular momentum conservation arguments [95] . As widely known amplitudes increasing with the center of mass energy are pathological and violate perturbative unitarity at relatively low energy. The presence of a unitarity violation cross-section is caused by the fact that we are considering a not UV complete framework. In Z models based on the spontaneous breaking of extra gauge symmetries the annihilation rate into Z Z is cured once the diagram with s-channel exchange of the scalar field responsible for the spontaneous breaking of the new theory is accounted for (see e.g. [96] . Discussions on similar lines can be found also in [97, 98] ).
Since we do not rely on a UV complete model, we will apply a limit from not violation of perturbative unitarity in the process χχ → Z Z , in the same fashion as [77] :
which can be expressed, in the non-relativistic limit relevant for the DM relic density as:
We emphasize that eq. (3.8) should be interpreted as a limit for the validity of the computations presented in this work. Beyond the region of parameter space delimited by eq. (3.8) one should explicitly take into account additional degrees of freedom needed to unitarize the theory.
This condition excludes the yellow region in figs. 4 to 6. Now that we have described all observables of the simplified Majorana dark matter model, we will gather all ingredients and comment on our findings.
Results
Our main results are summarized in figs. 4 to 6 in the bidimensional plane M Z , m χ . In the plot the parameter space accounting for the correct DM relic density are compared with the limits from the most relevant dark matter observables taking into account current and future experimental sensitivities to outline the region of parameter space where one can have a viable Majorana fermion as dark matter. The individual origin of the different bounds reported in the plot has been discussed in the previous sections. Here we will discuss more extensively the effect of their combination and the impact on the parameter space.
We start by commenting on the relic density. The correct DM relic density is represented, in figs. 4 to 6, by black isocontours. For the lowest assignation of g χ , namely 0.1, the correct relic density is achieved only through resonantly enhanced, for m χ ∼ m Z /2, annihilation into SM fermions. At g χ = 1 the correct relic density is also easily achieved, for m χ > M Z through the χχ → Z Z annihilation process, and also a bit far from the resonance, when annihilations intott are maximally efficient. A large part of the viable parameter space for m χ > M Z is, however, excluded by the unitarity constraint. For g χ = 4π finally, the annihilation into Z Z is too efficient, always leading to under abundant DM, and the correct relic density is achieved through annihilations into SM fermions far from the m χ ∼ M Z /2 pole region.
Concerning the limit from LHC, for fixed values of the couplings, the limits from searches of dilepton resonances, as long as M Z < 2m χ , they are basically turned into an exclusion in the mass of the Z independent on the value of g χ . On the contrary, when M Z > 2m χ the excluded value of M Z suffers the rescaling effect, described before, attributed to the invisible branching fraction of the Z and actually depends on m χ , g χ . For g χ = 4π the exclusion bound can be reduced to 1 TeV 7 while for the lowest assignation g χ the effect of the invisible branching ratio is almost marginal.
Generally speaking the bound from dilepton searches is the strongest for the kind of scenario under consideration (see also [67] for a dedicated study). The only exception is represented by the extreme assignation g χ for which, in the region m χ < M Z /2 DM Direct Detection poses the most competitive constraints. Although in principle complementary to searches searches of dilepton resonances, searches for monojet events are not yet competitive with respect to other observational constraints. The reason mostly lies in the larger SM backgrounds which plague monojet searches with respect to the ones of lepton final states. The sensitivity of this kind of experimental searches will receive a substantial improvement from XENON1T. Constraints by IceCube demonstrate a potentially good complementarity. They are however strongly dependent by the kind of annihilation final state of the DM. In the model considered they are mostly effective in the inter-mediate mass range both the Z and the DM, where the latter dominantly annihilates intott. A final remark that is important to make. As emphasized, our findings are valid in the context of the sequential Z model. However, since the direct detection limits scale with g 2 χ g 2 f a as well as the annihilation rate into SM fermions, and the dilepton bounds roughly scale up with g 4 f v , one can recast one findings to many Majorana fermion dark matter models. Furthermore, we emphasize that our conclusions rely on thermal production of dark matter and standard cosmology. Departure from these two assumptions would consequently change the relic density curves and the quantitative assessments based on the latter.
Conclusions
We have investigated the Majorana dark matter model in the context of the Z portal. The dark matter phenomenology is dictated by gauge interactions which are fixed, since we adopted the Sequential Z framework, rendering our simplified model predictive. Direct dark matter detection experiments based on bubble chamber and liquid xenon, as well as neutrino telescopes observing neutrinos from the Sun provide complementary tests to this model. LHC searches for dilepton and mono-jet + missing energy events provide orthogonal bounds to the parameter space. The former being the stronger one. We computed the relic density curves and outlined the region of parameter space where one can successfully have a Majorana dark matter particle in agreement with data.
We varied the dark matter coupling to the Z to asses the impact on the constraints and highlight the importance of complementary probes for dark sectors.
In summary, the Majorana dark matter fermion model via the Z portal offers a gripping dark matter phenomenology with exciting implications to neutrino detectors, underground direct detection experiments as well as colliders. Therefore, it should be treated as a benchmark model in dark matter research endeavors.
